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Abstract
The Daya Bay and RENO experiments have recently observed a non-zero θ13 at more than
5σ CL. This has important consequences for future neutrino oscillation experiments. We analyze
these within the LAGUNA design study which considers seven possible locations for a European
neutrino observatory for proton decay, neutrino, and astroparticle physics. The megaton-scale
detector would be an ideal target for a CERN-based neutrino beam with baselines ranging from
130 km to 2300 km. We perform a detailed study to assess the physics reach of the three detector
options - a 440 kton water Cˇerenkov, a 100 kton liquid argon and a 50 kton liquid scintillator
detector - at each of the possible locations, taking into account the recent measurement of θ13.
We study the impact of the beam properties and detector performances on the sensitivity to CP-
violation and the mass hierarchy. We find that a liquid argon or water Cˇerenkov detector can make
a 3σ discovery of CP violation for 60%−70% of the parameter space for any of the baselines under
consideration, although the results for the liquid argon detector placed at 130 km are slightly worse
and only 40% − 50% is achieved in this case. The performance of the liquid scintillator detector
is affected by its level of neutral-current background at all baselines. A 3σ determination of the
mass hierarchy is possible for all values of δ, for the values of θ13 favoured at 3σ by Daya Bay and
RENO, for almost all setups with L & 650 km.
PACS numbers: 14.60.Pq
∗Electronic address: pcoloma@vt.edu
†Electronic address: tracey.li@ific.uv.es
‡Electronic address: silvia.pascoli@durham.ac.uk
Typeset by REVTEX 1
ar
X
iv
:1
20
6.
40
38
v1
  [
he
p-
ph
]  
18
 Ju
n 2
01
2
I. INTRODUCTION
Neutrino oscillations have been established over the past decade by numerous experi-
ments, providing experimental evidence for the existence of new physics beyond the Stan-
dard Model (SM), needed to explain non-zero neutrino masses and mixing in the leptonic
sector. In the standard three-family framework, neutrino oscillations are parameterised by
three mixing angles (θ12, θ23, θ13), two mass-squared differences (∆m
2
21, ∆m
2
31, defined as
∆m2ij ≡ m2i − m2j) and a CP-violating phase1, δ. The best-fit values for the oscillation
parameters, based on the global fit from Ref. [1], are sin2 θ12 = 0.312, sin
2 θ23 = 0.51 (0.52),
∆m221 = 7.59× 10−5eV2 and ∆m231 = 2.45× 10−3 eV2 (−2.34× 10−3 eV2) for a normal (in-
verted) hierarchy. A very recently global analysis finds very similar results [2]. The neutrino
mass hierarchy and the value of the CP phase δ are as yet unknown. The only constraint
on δ comes from a tentative bound from the Super-Kamiokande experiment [3] and a first
indication of δ ∼ pi at 1σ from the global analysis in Ref. [2].
It is the third mixing angle, θ13, that has attracted much attention in the past year. First
came the results obtained from the T2K experiment [4] in June 2011 studying the νµ → νe
appearance channel, followed shortly by the results from the MINOS experiment [5] for the
same channel. This was followed by the results from the Double-Chooz collaboration for the
ν¯e disappearance channel [6] in December 2011. All these results seemed to point towards
a non-zero value of θ13 at a rather low statistical significance, although combined global fits
give evidence above the 3σ CL [7, 8]). These hints have now been confirmed by the Daya
Bay and the RENO collaborations, who have recently reported the discovery of a non-zero
θ13 [9, 10]. Both best fit values lie in the same range, around sin
2 2θ13 ∼ 0.09 − 0.10. The
combined global fit from Ref. [2] gives 0.0214 < sin2 θ13 < 0.0279 at 1σ CL for normal
hierarchy, with its best fit at sin2 θ13 = 0.0245. Very similar results are obtained for an
inverted hierarchy.
This impressive result has crucial consequences from both theoretical and phenomeno-
logical perspectives. On the one hand, precise measurements of the mixing parameters in
the leptonic sector (and similarly in the quark sector) are crucial in order to search for the
underlying theory behind the flavour structure of the SM. The indication that θ13 6= 0 is
a vital piece of information from the point of view of model-building and the search for
flavour symmetries. On the other hand, a non-zero θ13 opens up the possibility of observing
CP violation in the leptonic sector and of measuring the ordering of the mass eigenstates.
Future experiments are currently being designed in order to observe oscillations mainly in
the νe → νµ or νµ → νe channels (together with their CP-conjugate channels) which depend
simultaneously on θ13, δ and the mass hierarchy. The value of θ13 has always dictated how
future experiments must be optimised in order to measure the unknown oscillation param-
eters - the fact that θ13 is known to be large now means that whilst it is still important to
maximise statistics and minimise backgrounds, more work must be directed at minimising
the systematic errors which will ultimately limit the performance of the experiment.
Given this relatively large value of θ13, it may be possible to observe CP violation and
measure the mass hierarchy with a superbeam [11], a β-beam [12] (or a combination of the
two [13]) or a Low Energy Neutrino Factory [14–17] aimed at a large-volume detector with
good background rejection capabilities and energy resolution.
1 If neutrinos are Majorana particles, there are two additional CP-violating phases but these do not enter
oscillation experiments.
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The recently completed LAGUNA (Large Apparatus for Grand Unification and Neutrino
Astrophysics) [18–21] design study was a European effort to evaluate the feasibility of seven
selected sites, listed in Tab. I, to host a giant, deep-underground particle detector. Three
possible options are currently envisioned for the detector technology: 100 kton of Liquid
Argon (LAGUNA LAr or GLACIER [22]), 50 kton of Liquid Scintillator (LAGUNA LSc or
LENA [23, 24]) or 440 kton of Water Cˇerenkov (LAGUNA WC or MEMPHYS [25]). The
detector will be a multi-purpose facility able to detect proton decay and neutrinos from
both natural and man-made sources, making it an obvious candidate for the far detector in
a next-generation neutrino beam experiment. In this context, the LAGUNA-LBNO (Long-
Baseline Neutrino Oscillation) [21] study will evaluate the feasibility of the production of a
neutrino superbeam at CERN. In terms of the prospective LAGUNA sites, a crucial factor
is then the distance between each of these sites and CERN, as this dictates the required
peak energy of the beam in order to match the first oscillation maximum and maximise the
signal rate.
Several studies of β-beams aimed from CERN to one of the LAGUNA sites have already
been performed [13, 26–36]. However, technical difficulties related to ion production, col-
lection and acceleration make the β-beam option very challenging. Therefore, in this work
we will focus on the physics reach of superbeams instead, since the technology needed to
produce them is relatively well known and will probably be at hand in the near future.
In this paper we evaluate and compare the performances of all the possible combinations
of the seven prospective baselines and three detectors from a phenomenological perspective,
regarding the sensitivity of the different setups to the neutrino oscillation parameters δ, the
mass hierarchy, and non-maximal θ23 (θ12 6= 45◦) in light of the recent measurement of θ13.
We also study in detail the impact of the beam and detector properties on the performance of
the setups, thereby determining the most important factors and demonstrating the necessity
of obtaining accurate information on both the beam and detector sides in order to perform
realistic simulations and objective comparisons.
The paper is structured as follows. In Sec. II we describe our simulation method, ex-
plaining our assumptions about the beam and the detectors, as well as the details of the
numerical analysis. We then present in Sec. III our results for the impact of several ex-
perimental factors on the performance of the experiment: systematic errors, backgrounds,
the running times in neutrino/anti-neutrino modes, and τ detection. In Sec. IV we directly
compare the performances of all the prospective baselines and detectors, in terms of the
discovery potentials for CP violation, the mass hierarchy and non-maximal θ23. In Sec. V
we consider how the performance varies with the total exposure (running time × detector
mass × power), comparing the results for the shortest and longest baselines in terms of the
CPV discovery potential and the θ13 − δ precision as a function of exposure. Finally, in
Sec. VI we summarise and draw our conclusions.
II. SIMULATION DETAILS
We perform a numerical simulation of the experimental setups using the publicly available
software package General Long-Baseline Experiment Simulator (GLoBES) [37, 38]. For the
matter density, we use the Preliminary Reference Earth Model (PREM) profile, calculated
3
Location Distance from CERN [km] 1st osc max [GeV]
Fre´jus (France) 130 0.26
Canfranc (Spain) 630 1.27
Umbria (Italy) 665 1.34
Sierozsowice (Poland) 950 1.92
Boulby (UK) 1050 2.12
Slanic (Romania) 1570 3.18
Pyha¨salmi (Finland) 2300 4.65
TABLE I: The seven potential sites under consideration in the LAGUNA design study. The energy
of the first oscillation maximum is calculated in the absence of matter effects. From Ref. [20].
by GLoBES from Refs. [39, 40], together with an uncertainty of 2%2 [41]. The neutrino
interaction cross-sections have been taken from Refs. [42, 43]. The detector simulation is
explained in detail in the following subsection. We have included constant systematic uncer-
tainties over the signal and the background rates, which have been included as normalization
errors. Therefore these are correlated between different energy bins for a given channel, but
are uncorrelated between different channels. Unless otherwise stated, systematic errors have
been taken at the 5% level for both the signal and background rates for all setups, regardless
of the detector technology.
The true values for the solar and atmospheric parameters have been set as: θ12 = 34.2
◦,
θ23 = 45
◦, ∆m221 = 7.59× 10−5 eV−5 and ∆m231 = 2.45× 10−3 eV−3, in agreement with the
best-fit values from Ref. [1]. Our results will generally be presented in the region 0.01 <
sin2 2θ13 < 0.1, in view of the Daya Bay and RENO results. Marginalization has been
performed assuming 4% and 10% gaussian priors centered around these values, for the solar
and atmospheric parameters respectively. A normal mass hierarchy has been assumed for
all the results shown in this paper; the results for the inverted hierarchy are similar with
the exchange δ → −δ. Unless otherwise stated, our results will be presented in terms of the
3σ discovery potential, i.e. the ability to exclude a given hypothesis at 3σ confidence level
(1 d.o.f.), for CP-conservation (corresponding to δ = 0, pi), the wrong mass hierarchy, and
maximal θ23 (θ23 = 45
◦).
For the CPV discovery plots, we separate the δ-parameter space into two regions (δ ≤ 0
and δ ≥ 0) rather than including the entire region in one plot, so that the details of the
differences between the setups can be better appreciated.
2 We have checked that a 5% matter uncertainty does not significantly affect the results.
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A. The beam
Superbeam fluxes, optimised for each baseline according to the first oscillation peak, have
been provided by A. Longhin [44–46]. In the lowest energy configuration of the beam (for
L = 130 km), the fluxes have been obtained assuming 5.6 × 1022 protons on target (PoT)
per year, with an energy of 4.5 GeV [46]. We assume 2 year of ν running and 8 years of
ν¯ running in this case, as in Ref. [13]. Higher energy fluxes [45] (in the multi-GeV regime,
for baselines with L > 130 km) correspond to the CERN high-power PS2 configuration [20]:
3×1021 PoT per year, with an energy of 50 GeV. In this case we assume 5 years of ν running
and 5 years of ν¯, as will be discussed in Section III D. It is important to notice that the two
beam configurations correspond to different beam powers: 4 (2.7) MW for the CERN-Freju´s
beam and 2.4 (1.6) MW for the other baselines, assuming 1.0 (1.5)× 107 useful seconds per
year. Therefore, the comparison between the physics reach of the different setups should
be considered carefully, see Sec. IV. In the work presented here we are mostly interested
in studying these agressive scenarios, with multi-MW beams. In Sec. V we show how the
results for CPV would vary if the total exposure is decreased (if, for instance, the beam
power or the mass of the detector are reduced).
As an example, the spectra of the ν beam, optimised for the 2300 km baseline, is shown
in Fig. 1(a). In addition to the main νµ (ν¯µ) content, the beam also contains ∼ 4% con-
tamination from ν¯µ (νµ), ∼ 1% contamination from νe (ν¯e) and ∼ 0.1% from ν¯e (νe) which
act as irreducible backgrounds. The effect of these backgrounds on the performance of the
experiment will be discussed further in Sec. III B. The composition of the ν¯ beam is similar.
In Fig. 1(b) we show the νµ content of the beams optimised for 2300 km, 1570 km, 1050 km
and 665 km. The beam for 950 km is very similar to that for 1050 km, and that for 650 km
is very similar to that for 665 km. From this figure it can be seen that the higher energy
beams generally have a broader peak than the lower energy beams. The spectrum of the
130 km beam can be found in Ref. [46].
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FIG. 1: a) Content of the ν beam optimised for 2300 km and b) comparison of the νµ content of
the ν beams optimised for different baselines. Fluxes have been provided by A. Longhin [44].
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B. The detectors
Three detectors are currently under consideration within the LAGUNA-LBNO study:
LAGUNA LAr or GLACIER (Giant Liquid Argon Charge Imaging ExpeRiment [22])
is a 100 kton liquid argon detector using the Liquid Argon Time Projection Chamber
(LAr TPC) technology. It has excellent particle identification and energy resolution,
a low energy threshold (of a few MeV for electrons and a few tens of MeV for pro-
tons), good suppression of NC background events (which produce pion decays at the
detector), and good signal efficiencies [47, 48].
LAGUNA LSc or LENA (Low Energy Neutrino Astronomy [23, 24]) is a 50 kton Liquid
Scintillator (LSc) detector optimised for the detection of low-energy neutrinos. It is
based on the same technology developed for the BOREXINO detector [49]. It has
good energy resolution, a very low energy threshold, and high light yield. Its use as a
target for a superbeam experiment in the 100 MeV–few GeV energy range has been
recently proposed [24, 50, 51] and is currently under intense study.
LAGUNA WC or MEMPHYS (MEgaton Mass PHYSics [25]) is a 440 kton Water
Cˇerenkov (WC) detector3. Three detector designs for Mton WC detectors are cur-
rently being carried out: Hyper-Kamiokande in Japan [52], UNO in the USA [53] and
MEMPHYS in Europe [25]. The WC detector technology is the cheapest and most
suitable for instrumenting very massive detectors. However, WC detectors are not
optimal for high-energy neutrino interactions because of the difficulties of using the
multi-ring events that appear at higher energies, and of distinguishing electrons from
neutral pions that may be produced from neutral-current interactions.
The detector details are summarised in Tab. II. Unless stated otherwise, these are the
values that we use in all our simulations.
Both the LAr and the WC have been implemented differently for the L = 130 km and
the L > 130 km baselines, due to the very different neutrino energies involved in the two
cases. For the LAr detector, a constant 90% efficiency is used in all cases. However, different
energy resolutions have been used, depending on the baseline considered. For all baselines
with L > 130 km, the migration matrices provided by L. Esposito and A. Rubbia [54] have
been used for the signal. However, these matrices are optimized for high energy setups
and therefore are not optimal for the lower energy setup corresponding to L = 130 km.
Therefore, in this case we have used the energy resolution functions from Ref. [56] (see
Tab. II).
In order to implement the WC in the low energy regime (L = 130 km) we have used
the same efficiencies, backgrounds and migration matrices as in Ref. [13]. The details to
simulate the WC exposed to higher energy beams (L > 130 km) have been obtained from
Refs. [56, 57], with migration matrices for signal and background kindly provided by the
LBNE collaboration [55]. It should be noticed that the results presented for the WC detector
placed at the intermediate baselines (namely, L ∼ 650 km) are not optimal, as there are no
3 In LAGUNA-LBNO, a revised version of the WC detector is being considered with an increased size to
500 kton. We expect the results to improve slightly with respect to the ones presented here, due to the
consequent increase in the number of events.
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Detector M (kton)  NC bckgr. σ(E) Eν (GeV)
LAr (L = 130) 100 90 0.5% Matr. [54] [0.1, 1]
LAr (L > 130) 100 90 0.5%
0.20E (νµ)
[0.1, 10]
150 MeV (νe)
LSc 50 50% 10% 0.05E [0.5, 7]
WC (L = 130)
440
∼ 70% < 0.1% [13] Matr. [13] [0.1, 1]
WC (L > 130) ∼ 40% < 1% [55] Matr. [55] [0.5, 10]
TABLE II: Parameters used in the simulations of each of the LAGUNA detectors. From left
to right, each column corresponds to: detector technology, fiducial mass, reconstruction efficiency,
percentage of NC events that are misidentified as CC events, energy resolution, and neutrino energy
range. Migration matrices have been used in some cases to implement the detector response, as
indicated. The efficiencies quoted for the WC detector apply to electron events, whereas for the
LAr and LSc detectors these efficiencies are the same for muons and electrons. The reconstruction
efficiencies for muons in the QE regime at the WC detector have been set to 97%.
migration matrices available in the literature to simulate the detector response when exposed
to a superbeam in this energy range (∼ 1.2 GeV). We have used the same parameters as for
the high energy setup in this case. This is expected to be a rather conservative approach,
mainly because of two reasons: (1) the migration matrices for the high energy configurations
have a low energy threshold at 0.5 GeV; (2) the cuts on the signal needed to suppress the NC
backgrounds at low energies for the LBNE setup, with 〈Eν〉 ∼ 3 GeV, may be relaxed for
these setups which have much lower energies and therefore expect smaller NC backgrounds.
This should be taken into account when comparing the results obtained at different baselines
as it means that our results for L ∼ 650 km are probably too pessimistic.
C. Backgrounds
The main background for a superbeam arises from the intrinsic contamination of the
beam (see Sec. II A). This background cannot be eliminated but various strategies can
be employed to reduce its impact, e.g. by using the near detector to measure the exact
composition of the flux. As can be seen from Fig. 1, the wrong-polarity content of the beam
reaches approximately the ∼ 4% level. Since the LAGUNA detectors are not magnetised4,
these neutrinos constitute a background to the disappearance channel. However, the most
important background is that arising from the νe (ν¯e) present in the beam, which is the
4 The possibility of a magnetised detector or a muon spectrometer to be added to the LAGUNA LAr is
under consideration in LAGUNA-LBNO.
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dominant background to the primary superbeam channel, the νµ → νe (ν¯µ → ν¯e) channel.
The final component of the background are neutral-current (NC) events. The main source
of this background are pions which are produced in NC events and are then misidentified
as charged-current (CC) events, such as pi±’s which decay to µ±’s (plus missing energy).
This background, which tends to pile up at low energies, affects the disappearance channel.
However, if a pi0 is produced, it will mainly decay into two photons which, if not fully recon-
structed, can be misidentified as an electron. This source of background is more problematic,
since it is added to the νµ → νe event rates (and its CP-conjugate). This background has
been implemented in our simulations as indicated in Tab. II. For the WC detector when
exposed to a low energy beam, we have followed Ref. [13], while for the higher energy con-
figurations we have used the rejection efficiencies provided by the LBNE collaboration [55].
In the absence of a detailed simulation for the migration of NC events to lower energies at
the LAr and LSc detectors, we have assumed that a certain percentage of the unoscillated
NC events that take place at the detector are mis-identified as CC events. The LAr detector
has a very good efficiency for the detection of photons and it is expected that the NC back-
ground for this kind of detector will be very low. Therefore, we have assumed in this case
that 0.5% of the NC events produced at the detector are misidentified as CC events [58, 59].
However, the situation for the LSc detector is more problematic. The NC background re-
jection capabilities at this kind of detector are currently under intense study and remain
unclear yet [21]. Several cuts could help in reducing the percentage of the total sample of
NC events that would constitute an actual background so that the final percentage could
presumably be kept between 33% and 11% of the total number of NC events [60]. However,
these cuts would considerably reduce the efficiency to the νe CC signal. In the absence of
an accurate estimate of both factors, we have assumed a configuration for the LSc in which
a 10% of the NC events are mis-identified as CC events, and we have assumed that the
detection efficiency would be consequently reduced down to 50% [60]. In Sec. III it will be
shown in detail how this background affects the CPV discovery potential of the setups if a
LSc detector is used. Finally, it should be noted that the inclusion of migration matrices
is of crucial importance in order to evaluate the physics potential of any of the considered
setups here. In the particular case of NC background events, the shape of the event sample
would be very different if proper migration matrices were included in the analysis, which
could affect the results.
III. OPTIMISATION STUDIES
In this section we study how the properties of the beam and detectors affect the sensitivity
of the experiment. We have studied several variables: systematic errors, the intrinsic beam
background, the NC background, the time spent running in neutrino and anti-neutrino
modes, and the possibility of τ detection. Most of these studies, unless otherwise specified,
have been performed in the context of a LAr detector placed at Pyha¨salmi (L = 2300 km).
A. Systematic errors
For large θ13, systematic errors are the limiting factor for the performance of the exper-
iment. Systematic errors are related to the beam and the detector and can be separated
into those which affect the signal, and those which affect the predictions of the backgrounds.
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A dominant source comes from the estimate of the intrinsic νµ and νe in the beam, which
becomes more important at high energies due to the uncertainty on the kaon production
rate. Another important source is due to the uncertainty on the detection cross-sections for
the different channels. Significant improvements are expected, though, as the near detector
and dedicated experiments e.g. MINERvA [61] will provide crucial information. Other de-
tector systematic errors may arise due to tracking and particle identification efficiencies and
the physics modelling of the interactions. In the absence of a dedicated study, we let the
systematic errors vary in the range from 2% to 10% (compared to our reference value of 5%
for all other studies in this paper) and check how they affect the CP discovery potential. In
Fig. 2 we show the results for several values of the systematic uncertainties assumed for the
signal and background, as indicated in the legend. The different lines depict the fraction
of possible values of δ for which CP violation can be established at 3σ CL (1 d.o.f), as a
function of the true value of sin2 2θ13. We have checked that 2% systematic errors on signal
and background are equivalent to no systematics at all. Results are shown for the LAr
detector although a similar dependence is expected for the other detectors.
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FIG. 2: Effect of systematic errors on the performance of the LAr detector placed at 2300 km
from the source. The lines depict the fraction of possible values of δ for which CP violation can
be established at the 3σ CL (1 d.o.f.) as a function of the true value of sin2 2θ13. The first value
in the legend refers to the systematic error on the signal and the second to the background. The
systematic errors have been taken as constant normalization errors, uncorrelated between different
channels.
It can be seen that CPV discovery potential is affected strongly by systematic errors. The
main impact is due to the signal systematics, which reduce the CPV discovery potential of the
facility in the region where sin2 2θ13 & 2×10−2. This is due to the fact that, when θ13 is this
large, the atmospheric term (which is CP conserving, see App. A) dominates the oscillation
probability since it is proportional to sin2 2θ13, while the CP violating term is subdominant
since it is linear in sin 2θ13. Therefore, any systematic error on the signal can easily hide the
CP violating contribution to the oscillation probability and deteriorate the CPV discovery
potential in this regime. As a consequence, for a 10% systematic uncertainty over the signal
the CP fraction would be reduced by around ∼ 15% around sin2 2θ13 ∼ 0.09 − 0.10 (the
region indicated by Daya Bay and RENO) with respect to the case where there are no
systematic errors. On the other hand, background systematics would become more relevant
in the region where sin2 2θ13 . 2× 10−2 since in this regime the sensitivity to CP violation
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is limited by the background events.
The effect of the systematic error for this setup is rather low compared to other super-
beams in the literature (see, for instance, Ref. [62]). This is mainly due to two reasons: (1)
our setup is limited by statistics rather than by systematics, given its very long baseline;
(2) the broad flux peak, combined with a detector with very good energy resolution, makes
the setup much more robust against any source of global systematic errors, since the events
will be distributed into very different energy bins so the oscillation probability is better
reconstructed. However, only global systematic uncertainties have been considered here.
A detailed study, taking into account possible correlations between the different sources of
systematic uncertainties, should be performed in order to establish their actual impact on
the performance of any of the setups under consideration here.
B. Intrinsic beam background
As described in Section II B, the intrinsic beam background is one of the limiting factors of
a superbeam experiment. From Fig. 1, typically this background is at the sub-% level in the
energy range of interest: we see that in the ν mode (left panel), the intrinsic contamination
from ν¯µ is at the ∼ 4% level, while the νe and ν¯e contamination is below the 1% and the
0.1% level, respectively. Similar levels are obtained in the ν¯ mode. We have checked how
the absolute level of the background affects the results (if, for instance, the proportion of
νe events in the beam could be reduced at the production stage), and we find that for the
considered values of θ13 this has little effect since the signal is always large compared to this
background. We have also checked that the level of intrinsic background also has virtually
no effect on the precision of the measurement either, for large θ13.
C. Neutral-current backgrounds
As mentioned in Sec. II C, NC backgrounds are very relevant for a superbeam experiment:
pi± can be misidentified as µ±, while two overlapping rings in the decay of a pi0 can be
misidentified as an electron. The rejection capability of a LSc detector is currently unclear
and in the process of being studied. In Fig. 3 we show the effect of NC backgrounds on
the CPV discovery potential for this detector, for L = 2300 km. Results are shown as a
function of the true value of sin2 2θ13 and the fraction of possible values of δ for which CP
violation can be established at the 3σ CL. We have considered that a certain percentage of
the total unoscillated NC events are misidentified as CC events, as indicated in the legend.
For the dotted (yellow), red (dot-dashed) and green (blue) lines it has been assumed that a
reduction on the NC background could be done without affecting the CC efficiency, which
has been kept at the 90% level. However, the cuts needed to reduce this background would
likely affect the detection efficiency and severely reduce it. Therefore, we also show in the
same panels our reference configuration for the LSc detector (solid black lines) where only
10% of the NC background is included in the sample, but at the price of a lower νe CC
detection efficiency (50%). These lines correspond to our reference configuration for the LSc
detector (see Tab. II). From the figure it can be clearly seen that the NC background levels
are critical for the observation of CP violation.
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FIG. 3: Effect of NC background on the CPV discovery potential for the LSc detector placed at
2300 km from the source. The lines depict the fraction of possible values of delta for which CPV
can be established at a 3σ CL as a function of the true value of sin2 2θ13 (1 d.o.f.). The first
value in the legend indicates the percentage of unoscillated NC events that are misidentified as
CC events, while the second value refers to the detection efficiency. For the first three cases the
detection efficiency is kept at the 90% level, while in the last case (our reference configuration for
the LSc detector in the rest of this paper) it has been assumed that the cuts needed to reduce the
NC background down to the 10% level would also reduce the detection efficiency down to 50%.
D. Running times
As stated in Sec. II A, the default configuration in running times for the 130 km setup
consists of 2 years in ν mode and 8 years in ν¯ mode, as in Ref. [13]. This is the optimal
configuration at these energies since it gives an approximately equal number of ν and ν¯ events
at the detector. For longer baselines, however, the wider energy range makes it possible for
a measurement on δ and only few ν¯ events are needed. Therefore, for the other baselines we
have considered a symmetric configuration, that is, 5 years in ν mode and 5 years in ν¯ mode.
In Fig. 4 we show how different running times could affect the CPV discovery potential of
a given setup.
The reduced flux and cross-section for ν¯ compared to ν means that for equal running
times, the number of events in the ν¯ mode is expected to be much smaller than that obtained
in ν mode. In addition to this, for a normal hierarchy the probability is greatly enhanced for
neutrinos while the opposite takes place for antienutrinos. The consequence of both effects
is seen from the comparison between the dotted red and dotted blue lines in Fig. 4. It can be
seen that if the experiment is run only in ν¯ mode, the CPV discovery potential of the facility
is quite limited. On the contrary, the results when the experiment is run only in ν mode
are remarkable. This is due to the larger flux and higher cross-section for neutrinos with
respect to antineutrinos, as well as to the resonant effect which takes place for neutrinos for a
normal hierarchy. Also, the broad peak of the spectrum combined with a detector which has
an excellent energy resolution allows to reconstruct the oscillatory pattern and disentangle
the CP-violating part. Nevertheless, the fraction of values of δ for which CP violation can
be discovered for sin2 2θ13 ∼ 10−1 is only slightly above 50%. This is considerably improved
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when the experiment is also run in ν¯ mode (solid green and black lines). As can be seen from
the plot, the best results are obtained when a symmetric configuration in ν and ν¯ modes is
used, under the assumption of a normal hierarchy.
For an inverted hierarchy, on the other hand, the resonant effect takes place for antineu-
trinos while the neutrino event rates are suppressed. However, the larger flux and cross
section for the latter are able to partially compensate for this and, as a result, the number
of events for both polarities would be more balanced. This generally gives a better result
for CPV when the experiment is run for 5 years per polarity with respect to the results
shown in Fig. 4. Therefore, this is the configuration that has been adopted to simulate all
our results for the high energy setups (i.e., for L > 130 km) that will be presented in the
next section, since it gives optimal results for both hierarchies.
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FIG. 4: Effect of different ν and ν¯ running times on the CPV discovery potential. The first and
second values in the legend refer to the number of years that the experiment is run in ν and ν¯
modes, respectively. Results are shown for the LAr detector placed at 2300 km from the source.
The line depicts the fraction of possible values of delta for which CPV can be established at a 3σ
CL as a function of the true value of sin2 2θ13 (1 d.o.f.).
E. Tau detection
At a superbeam experiment, the oscillation channel that provides sensitivity to δ is the
νµ → νe channel (and its CP-conjugate). As already explained in the introduction, in order
to maximize the oscillation probability all the setups considered here are tuned to their first
oscillation peak. In this case, however, not only the νµ → νe signal is maximized, but also
the νµ → ντ oscillation. This oscillation would produce an important background source
for the higher energy setups that are considered in this paper, since the cross- section for
τ production at the detector is non-negligible. Therefore, a considerable amount of the
νµ → ντ oscillated neutrinos will eventually produce a τ at the detector, which can decay
into an electron (plus missing energy). These events would constitute a background to the
low energy part of the signal since the electron will have lower energy than the τ which was
originally produced. This phenomenon, known as the τ -contamination, has already been
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studied for the Neutrino Factory [63, 64], where the background comes from the τ decay
into muons. It is expected, though, that the non-negligible τ detection efficiency of a LAr
detector, combined with appropriate kinematic cuts, would reduce its impact. In addition,
the majority of these events would be affecting the lower energy part of the spectrum,
leaving the first oscillation maximum unaffected. A dedicated analysis to study the effect of
this background for high energy superbeams is needed, though, with migration matrices to
account for the migration of these events to the lower energy part of the spectrum. In the
absence of such migration matrices, we have not been able to include it in the present work.
On the other hand, it may be possible for a LAr detector to detect and identify τ±
leptons, making it possible to observe the ντ and ν¯τ appearance channels. However, τ
detection is experimentally very challenging and therefore only of benefit if the additional
events produce a significant improvement to the performance of the facility. Up to second
order in the perturbative expansion of the probabilities, all terms in the νµ → ντ oscillation
channel also appear in the νµ disappearance channel, with the exception of the CP violating
one. Even in the very optimistic case where a τ detection efficiency of 50% could be attained,
the number of τ events would be roughly 5% of the µ events observed at the detector (see
Tab. V in App. B). Therefore, the inclusion of νµ → ντ events in the analysis would only
be helpful if it provided additional information contributing to the CPV discovery potential
of the facility. However, the δ-dependence of the number of events for this channel is not
as clear as for the νµ → νe channel, since a large fraction of the number of events comes
from the leading atmospheric term in the probability (which is CP-conserving). Therefore,
we find that the inclusion of the νµ → ντ and ν¯µ → ν¯τ channels, even under the very
optimistic assumptions of a 50% τ detection efficiency and a background of 10−3 of the νµ
disappearance events, has a negligible impact on the results.
Finally, this channel may still be useful in searching for the effects of new physics in
neutrino oscillations, in particular, non-standard interactions (NSIs) [65]. NSIs are flavour-
changing interactions due to New Physics occurring at high energies, which may affect
neutrinos at production, during propagation, or at the point of detection [66–68]. Neutrino
oscillation experiments are the perfect hunting ground for such effects (see e.g. Refs. [69, 70]).
However, these effects are expected to be strongly suppressed by the scale of the New Physics
and the necessary requirement of gauge invariance [71, 72]. Thus, a powerful neutrino beam
experiment would likely be needed to improve them. The best setup for this task is recognised
to be the high-energy Neutrino Factory [73–75], but a next-generation superbeam may also
be able to improve upon current constraints [76–78]. Concerning NSIs in production and
detection, a superbeam would offer the possibility to test different coefficients since the
neutrinos are mainly produced from pion and kaon decays [78], unlike in the Neutrino
Factory where neutrinos are exclusively produced through muon decay. Recently, a proposal
to build a tau detector for the NuMI beam, MINSIS [79], has been made in order to search
for NSI effects in production and detection processes. Concerning NSIs in propagation, a
very interesting possibility to improve present bounds would be to observe the νµ → ντ and
ν¯µ → ν¯τ channels, the so-called ‘discovery channels’ [65]. This has already been proposed
for the Neutrino Factory and could also be done at a superbeam experiment.
IV. COMPARISON BETWEEN DIFFERENT BASELINES
The LAGUNA Design Study offers seven possible baselines for a beam sourced at CERN,
ranging from 130 km for the CERN-Fre´jus setup to 2300 km for CERN to Pyha¨salmi. The
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choice of baseline affects the physics reach in a variety of ways, and impacts on the neutrino
spectrum as the energy of the beam is always tuned to match the first oscillation peak. This
should be taken into consideration when choosing one detector with respect to another: for
instance, at sub-GeV energies WC detectors allow very large fiducial masses to be reached,
with excellent energy resolution and background rejection, while for higher energies the LAr
technology might be preferred due to the ability to reconstruct very well the non-quasi-elastic
events.
The performance of any neutrino oscillation experiment depends critically on the length
of the baseline, since matter effects alter oscillation probabilities relative to the vacuum
case (see App. A). The effect increases with the baseline and/or the density of the medium
through which the neutrino propagates. This phenomenon is exploited by long-baseline
neutrino oscillation experiments in order to determine the neutrino mass hierarchy (normal
or inverted). Resolving the mass hierarchy then leads to increased sensitivities to the other
oscillation parameters.
It should also be taken into account that, even if the number of events at a given baseline
scales with 1/L2, the cross-section above ∼ 1 GeV increases linearly with the neutrino
energy. In addition, while for the high-energy setups (L > 130 km) the maximum at the
flux peak is roughly the same, the width of the peak increases with the energy of the setup,
providing a larger integrated flux and also a wider distribution of the events into different
energy bins. We have included in App. B the total number of events for all baselines under
consideration, for sin2 2θ13 = 0.1 and several values of δ (Tab. III). From the total number
of events it can be seen that both factors are able to partially compensate for the flux loss.
Consequently, in general a better global performance is obtained for the setups with longer
baselines.
Therefore it is vital to compare the performances of each of the LAGUNA baselines (listed
in Tab. I) in addition to that of the detectors, as we do in this section. We present our results
in terms of the three observables defined in Sec. II. The results for the sensitivity to CP
violation and the hierarchy will be presented as a function of sin2 2θ13 and δ at a statistical
significance of 3σ (1 d.o.f). Since the ability to rule out maximal mixing in the atmospheric
sector depends mainly on the values of both θ23 and θ13, the results for this observable will
be presented as a function of sin2 2θ13 and δθ23 ≡ θ23 − 45◦, at a statistical significance of
3σ (1 d.o.f).
Since some of the LAGUNA baselines are very close (630 km and 665 km, as well as
950 km and 1050 km), the results obtained for them are very similar. Therefore we show
the results for only one of the baselines in each case, and it should be understood that the
results are practically identical to those of the baseline not shown.
We note, for reference, that our results for the WC detector placed at 130 km are consis-
tent with those obtained in Ref. [13]. Similarly, our results for the LAr detector placed at
the longest baselines (1570 km and 2300 km) are consistent with those obtained in Ref. [20].
We stress that the results for the 130 km baseline and the longer ones are obtained for a
different accelerator setup and with significantly different neutrino fluxes. Therefore, their
comparison should be made with caution and we will present the results in the text sepa-
rately.
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A. CPV discovery potential
In Fig. 5 we show our results for the 3σ CPV discovery potential, for the five baselines
and three detectors under consideration. The left-hand panels show the results for δ < 0 and
the right-hand panels for δ > 0. In the region to the right of each line, the CP conservation
hypothesis (δ = 0, pi) can be ruled out at 3σ (1 d.o.f).
For the 130 km baseline, again the WC detector yields the best results due to its much
larger mass and excellent performance in the low energy regime. If a LAr is employed
instead, the very low energy of the beam limits the statistics at the detector due to the very
small cross-sections at these energies. The situation is even worse for the LSc detector due
to its smaller fiducial mass and larger background levels.
For L > 130 km, the baseline dependence is closely related to the presence of stronger
matter effects for the longer baselines, although the same reasoning regarding statistics
explained at the beginning of this section applies to the 2300 km baseline for the LAr and
LSc detectors. In the region where δ ∼ +90◦, hierarchy degeneracies move to CP conserving
values of δ and therefore the CPV discovery potential of the facility is worsened [80] (for
an inverted hierarchy, this would apply to δ ∼ −90◦). This can be avoided if the facility is
also able to measure the hierarchy and resolve these degeneracies. As a consequence, longer
baselines are generally better for this observable in the δ > 0 region.
In Fig. 6 we show the results for the CP discovery potential as a function of the fraction
of possible values of δ for which CP violation can be established at the 3σ (left) and 5σ
CL (1 d.o.f.). Results are shown for the five baselines and three detector technologies under
consideration. Results are generally better for the LAr detector for all baselines with the
exception of the L = 130 km, for which the WC detector performs best. From the right
panels in the figure it can be seen that, for sin2 2θ13 ∼ 0.1, all the setups with a LAr
detector would be able to discover CP violation for 40%-50% of the parameter space, with
the exception of the 130 km baseline. If a WC is used instead, the results for the 130 km
baseline are comparable to the rest, although slightly worse due to the sign degeneracies,
which appear precisely for those values of θ13 and for δ > 0.
B. Hierarchy discovery potential
In Fig. 7, we present our results for the mass hierarchy discovery potential for the three
detectors under consideration and the five baselines under study. Again, a normal hierarchy
has been assumed in all cases. We have checked that the results for an inverted hierarchy
are very similar to these, but after changing δ → −δ. In these plots we show the results
for values of sin2 2θ13 down to ∼ 10−3 and have shaded the region favoured by the Daya
Bay results. In the region to the right of each line, the wrong hierarchy can be ruled out
at 3σ (1 d.o.f). Therefore, all the lines which do not overlap the shaded region correspond
to the setups for which the mass hierarchy can be determined at 3σ CL for all values of δ,
assuming the true value of θ13 lies within the interval favoured by Daya Bay at the 3σ CL.
Unlike for CPV sensitivity, the choice of baseline is critical in this case. Thus it is always
true that the longer the baseline, the better the performance. This is especially relevant
for the LSc detector, which presents a reasonably good performance for this observable,
as shown in Fig. 7(c). It can clearly be seen from all panels in the figure that the best
results are obtained when the detector is placed at the 2300 km baseline, regardless of the
detector technology. The remaining baselines are ordered according to their length. The
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FIG. 5: CPV discovery potential as a function of sin2 2θ13 and δ for which the CP conservation
hypothesis (δ = 0 or 180◦) can be ruled out at 3σ (1 d.o.f.). The different lines correspond to
different baselines, as indicated in the legend. Left and right panels show the CPV discovery
potential for positive and negative values of δ, respectively.
worst results are obtained for the shortest baselines: no sensitivity at all is obtained (at 3σ)
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(c) LSc
FIG. 6: CPV discovery potential as a function of sin2 2θ13 and δ for which the CP conservation
hypothesis (δ = 0 or 180◦) can be ruled out at 3σ 1 d.o.f (left panel) and at 5σ 1 d.o.f. (right
panel). The different lines correspond to different baselines, as indicated in the legend.
if the detector is placed at 130 km, whereas in the case of 665 km some sensitivity can be
achieved, although not for all values of δ if combined with a WC or LSc detector.
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FIG. 7: Hierarchy discovery potential as a function of sin2 2θ13 and δ for which the wrong hierarchy
can be ruled out at 3σ (1 d.o.f.). A normal hierarchy has been assumed. The different lines
correspond to different baselines, as indicated in the legend. The shaded region corresponds to the
3σ allowed region at Daya Bay.
C. Non-maximal θ23 discovery potential
The sensitivity to θ23 originates primarily from the appearance channel (see App. A):
for ‘small’ values of θ13 (sin
2 2θ13 < 10
−2 - not shown in these plots) the sensitivity comes
mainly through the solar term and therefore is independent of θ13; as θ13 is increased, the
dependence on δθ23 which comes through the CP violating term in the appearance channel
becomes more relevant. Finally, for sin2 2θ13 ∼ 10−1, the atmospheric terms in both the
appearance and the disappearance channels become relevant and play a very important
role. In the presence of matter effects at long baselines, these terms are enhanced and
also the neutrino and anti-neutrino probabilities are affected differently. Therefore matter
effects are a key factor for this observable, as was the case for the mass hierarchy discovery
potential. There is a preference for detecting δθ23 < 0 because some of the terms which are
relevant for large θ13 are asymmetric in θ23.
As long as L > 130 km, matter effects play a role and our results are practically equal
for all the baselines. Mild differences arise between the LAr and WC setups, while the LSc
always performs slightly worse due to the larger NC background levels. This can be seen in
Fig. 8, where the results for non-maximal θ23 discovery potential at the Pyha¨salmi baseline
(2300 km) are depicted as a function of sin2 2θ13 and δθ23 ≡ θ23−45◦. In the region enclosed
18
by each line, maximal θ23 cannot be ruled out at a statistical significance of 3σ (1 d.o.f.), after
marginalising over all other parameters. As expected, a mild dependence on θ13 appears for
large values of this parameter, while for small values of θ13 the dependence disappears since
the sensitivity in this case is achieved through the solar term in the probability.
For L = 130 km the results are much worse if a LAr or a LSc detector is employed, due
to the absence of matter effects. Slightly better results are obtained for the WC due to its
much larger mass, although the results are still much worse than for the rest of the baselines.
We find that when θ23 is in the second octant (i.e., for δθ23 > 0), a WC detector placed at
L = 130 km could measure deviations from maximal θ23 if δθ23 & 3.5◦, while for the rest
of the baselines this value is around δθ23 & 2◦ for any of the detectors (a similar situation
occurs for δθ23 < 0). It is expected that these results would improve if atmospheric data
were also included in the analysis (see, for instance, Ref. [13], where atmospheric data are
included in the analysis of a superbeam aiming to a Mton WC detector placed at the Fre´jus
site).
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FIG. 8: Non-maximal θ23 discovery potential, as a function of sin
2 2θ13 and δθ23 ≡ θ23 − 45◦. In
the region enclosed by each line, maximal θ23 cannot be ruled out at a statistical significance of
3σ (1 d.o.f.). The different lines correspond to different detector technologies, as indicated in the
legend. Results are shown for the detector placed at Pyha¨salmi and for a true normal hierarchy.
V. EXPOSURE AND PRECISION
In this section we study how the results depend on the total exposure (power × time
× detector mass), comparing the longest (2300 km, Pyha¨salmi) and the shortest (130 km,
Fre´jus) baselines. In this way we can predict how the performance will be affected if any of
the three variables are altered from the reference values. For the 2300 km baseline, we have
considered only the LAr detector as this is the most promising technology for this baseline,
and for the 130 km baseline we again consider the LAr detector and also the WC detector
since this is optimal for short baselines. The results for the other baselines are expected
to be qualitatively similar. We also present the confidence regions that would be obtained
at several confidence levels for the setups listed above, for the best fit from Daya Bay and
several values of δ, as an indication of the achievable precision.
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A. CPV discovery potential as a function of the exposure
In Fig. 9 the dependence of the CPV discovery potential on the exposure is shown for
sin2 2θ13 = 0.092 (the Daya Bay best-fit value) and as a function of the fraction of possible
values of the CP phase for which CPV can be discovered (i.e. δ = 0, 180◦ can be excluded).
Results are shown at the 3σ CL and for a true normal hierarchy. The green lines correspond
to the results for the LAr detector placed at 2300 km, while red and blue lines depict the
results for a LAr and WC detector placed at 130 km, respectively. Solid lines correspond to
the situation when the mass hierarchy is still unknown and the dashed lines to the scenario
when the mass hierarchy has already been determined e.g. by atmospheric neutrino studies
or from the combination of INO and/or NOνA data (see, for instance, Ref. [81]). The
vertical lines correspond to the maximum exposure considered for each of the three setups:
10 years×100 kton×2.3 MW for the LAr placed at 2300 km; 10 years×100 kton×4 MW for
the LAr placed at 130 km; and 10 years×440 kton×4 MW for the WC placed at 130 km.
It can be seen how the LAr placed at 2300 km would give the best results with the
lower exposure, due to the high energy and wideness of the beam. This setup would be
able to establish CP violation at the 3σ CL in more than 50% of the parameter space for
an exposure above ∼500 years×kton×MW, which could be achieved, for instance, after 10
years of exposure for a 50 kton LAr detector to a 1 MW beam. On the other hand, for
the shortest baseline the exposure needed to have a non-vanishing CPV discovery potential
would be much larger. As already explained, this is due to the much smaller neutrino cross-
section in the sub-GeV range, which necessarily implies a larger exposure in order to achieve
the same results as for higher energy setups. Therefore, in order to achieve the same results
the exposure needed for the L = 130 km baseline needs to be roughly an order of magnitude
larger than for the L = 2300 km setup. Previous knowledge of the mass hierarchy would
improve the results by ∼ 10% (comparing the solid and dashed lines) if the detector is placed
at L = 130 km, and we find that it is the total exposure rather than the specific choice of
baseline or detector which determines the overall physics reach for this observable.
B. Precision on θ13 and δ
A recent detailed study of the precision of superbeam and other long-baseline experiments,
including the setups presented here for a LAr detector placed at 2300 km and a WC placed
at 130 km from the source, can be found in Ref. [82]. It should be noted, though, that the
experimental setup used in that reference for the higher energy option is slightly different
from the one considered here (in particular, the beam power is reduced by a factor of 3, for
instance). In Fig. 10 we show how well each of the three setups would perform in terms of
precision for θ13 and δ. Solid (red), dashed (green) and dotted (blue) lines represent the 1, 2
and 3σ contours (2 d.o.f.) in the θ13− δ plane, for θ13 = 8.83◦ (the Daya Bay best-fit value)
and randomly chosen true values of δ. The θ13 precision is similar for all three setups and
can be measured to an accuracy of ∼ ±0.8◦ at 3σ CL by all three setups, independent of
the value of δ. For the precision in δ, the LAr detector at 2300 km performs similarly to the
WC at 130 km and can measure δ to ∼ ±45◦. For a LAr detector at 130 km, on the other
hand, the precision in δ is worsened due to the appearance of intrinsic degeneracies around
δ = ±90◦.
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FIG. 9: CPV discovery potential in terms of CP fraction for a true normal hierarchy, as a function
of exposure, for LAr at 2300 km (green lines), LAr at 130 km (red lines) and WC at 130 km (blue
lines). The solid lines correspond to the situation when the mass hierarchy is still unknown and
the dashed lines to the scenario when the mass hierarchy has already been determined externally.
The vertical lines correspond to the maximum exposure considered for each of the three setups.
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FIG. 10: Confidence regions for 2 d.o.f. corresponding to 1σ (solid red), 2σ (dashed green) and 3σ
(dotted blue) in the θ13 − δ plane obtained by different setups, for a true value of θ13 = 8.83◦ (the
Daya Bay present best-fit value) and randomly chosen true values of δ.
VI. SUMMARY AND CONCLUSIONS
The Daya Bay and RENO collaborations have recently obtained non-zero measurements
of θ13 at more than the 5σ CL [9, 10] with their best fit values around sin
2 2θ13 ∼ 0.09 −
0.10. Such a large value of θ13 means that a measurement of the unknown neutrino mixing
parameters - in particular the CP phase, δ, and the mass hierarchy - may be within the
reach of a next-generation long-baseline experiment. Such an experiment is considered in
the European LAGUNA design study, which proposes to construct a multi-kiloton-scale
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underground neutrino detector within one of seven proposed sites in Europe. This detector
could be combined with a superbeam from CERN to create a powerful setup for neutrino
oscillation physics, the potential of which we have explored in this work. Such a setup is
now the focus of the subsequent LAGUNA-LBNO design study which considers specifically
the CERN-Fre´jus and CERN-Pyha¨salmi options.
We have studied the capability of each of the proposed baselines, which range in length
from 130 km to 2300 km, when combined with each of the options for the detector technology:
100 kton of Liquid Argon, 50 kton of Liquid Scintillator or 440 kton of Water Cˇerenkov. For
the shortest baseline we considered a beam configuration corresponding to 5.6×1022 protons
on target (PoT) per year with a proton energy of 4.5 GeV. For all other baselines the beam
flux corresponded to 3× 1021 PoT per year with 50 GeV protons. This should be taken into
account when comparing the results for L = 130 km to those obtained for the rest of the
baselines, since they correspond to very different neutrino beams, which would be produced
with a different accelerator complex and a different number of PoTs and proton energy.
In the first half of this work we studied in detail several factors related to the beam
and detector parameters that could have a sizeable impact on the physics reach of the
experiment. We studied the effects of the systematic errors, the intrinsic beam background,
the NC background, the ratio of ν : ν¯ running times and the possibility of tau detection.
For the values of θ13 favoured by the Daya Bay measurement, we found that the systematic
error on the signal has some effect on the CPV discovery potential, as does the level of the
NC background. The measurement of the mass hierarchy is not affected significantly since
the length of the baseline and the intensity of the matter effects are the relevant factors for
this measurement. For long baselines, we find that equal ν and ν¯ running times give better
results than asymmetric configurations. Tau detection is not only very challenging, but does
not significantly improve the sensitivity to oscillation parameters for any of our setups.
In the second half of our work, we directly compared the performances of each of the
baselines and detectors, in terms of the discovery potentials for CP violation, the mass
hierarchy, and non-maximal mixing in the atmospheric sector. In general, we find an overall
better performance as L is increased, in spite of the strong 1/L2 decrease expected in the
number of events due to the beam divergence. This is due to several reasons which partially
compensate for the flux loss: (1) longer baselines imply higher neutrino energies (to match
the first oscillation peak) and so larger cross-sections are obtained at the detector; (2) for
the L > 130 km setups, even though the maximum flux is similar, the width of the peak
increases with the energy of the beam, providing a wider distribution of events into the
different energy bins; and (3) better sensitivity to the mass hierarchy at longer baselines
generally translates into better sensitivity to CP violation due to the lifting of degeneracies.
However, for very long baselines (above 1000 km) these are not able to compensate the
quadratic suppression with the baseline and the number of events at the detector is lower
for these baselines. Finally, it should be noted that even though matter effects produce a
resonance in the neutrino oscillation probability for NH, the effect is the opposite in the
antineutrino channel (the situation would be precisely the opposite for an IH). This has
important consequences for the observation of CPV, for which a balanced number of events
for both polarities is generally needed to solve the intrinsic degeneracy.
For CPV discovery, for the values of θ13 favoured by Daya Bay and RENO, the results
obtained with either a WC or LAr detector at any of the baselines other than 130 km are
very similar and can cover 60%−70% of the parameter space, depending on the baseline. A
WC detector placed at 130 km shows an excellent performance for smaller values of θ13, but
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this performance is weaker around sin2 2θ13 ∼ 10−1 due to the sign degeneracy, which for
this baseline appears precisely in this region for δ > 0. A LAr detector at 130 km presents a
worse CPV discovery potential, due to its smaller mass which is not able to compensate for
the small neutrino cross-sections at the detector in the sub-GeV range. The performance of
a LSc detector, at all baselines, is severely limited by the level of NC background which has
been assumed for this detector and also by its relatively small mass and low efficiency.
For hierarchy discovery the results essentially depend only on the length of the baseline.
In spite of its strong performance for CP violation, the 130 km baseline has no sensitivity to
the hierarchy (at 3σ CL) even with the WC detector, due to the absence of matter effects.
In the 1σ range favoured by the Daya Bay results, sin2 2θ13 > 0.071, the 665 km baseline
does not cover all values of δ if combined with a WC or LSc detector, although with a LAr
detector it does. All the remaining baselines have full 3σ coverage with any of the three
detectors.
We have also studied the discovery potential for non-maximal mixing in the atmospheric
sector. The results for this observable have a mild dependence on θ13. We find that all
baselines with L > 130 km perform similarly: any setup with either a LAr and a WC would
be able to distinguish a non-maximal θ23 for δθ23 ∼ 2.2◦ to ∼ 3.2◦ if θ23 lies in the second
octant (θ23 > 45
◦) and from δθ23 ∼ −1.2◦ to −2.2◦ if it lies in the first octant (θ23 < 45◦),
depending on the value of θ13. The results for the LSc detector would be roughly 1
◦ worse
due to the larger level of NC backgrounds. The setups with L = 130 km do not have any
sensitivity at all to this observable due to the absence of matter effects. The only exception
is for the WC due to its huge fiducial mass, although the results are worse than for the rest
of the baselines under consideration.
In the last section we showed how the performance of the superbeam setup varies with
the exposure (running time × detector mass × power), comparing the results obtained from
the longest baseline (2300 km) with a LAr detector and the shortest baseline (130 km) with
either a LAr or WC detector, for the best-fit value of sin2 2θ13 obtained by the Daya Bay
experiment. In terms of CPV discovery potential, we find that it is the total exposure rather
than the specific choice of baseline or detector which determines the overall sensitivity. With
a LAr placed at 2300 km from the source, CPV could be discovered in more than 50% of the
parameter space after an exposure of ∼ 500 kton×yr×MW. We find that, in order to obtain
the same reach in terms of CPV discovery potential, roughly an order of magnitude larger
exposure would be needed in the case of L = 130 km with respect to the L = 2300 km case.
If the mass hierarchy is previously determined e.g. by atmospheric neutrino experiments,
then the sensitivity of the 130 km setup is increased by roughly 10% relative to the case
when the mass hierarchy is unknown, so that at the maximum exposure a WC detector can
make a 3σ discovery of CP violation for ∼ 70% of the possible values of δ, while for the
LAr detector this value would be around ∼ 40%. In terms of the precision which can be
obtained on a measurement of θ13 and δ, all three setups show a similar performance for θ13
in terms of precision and can make a measurement with a 3σ error of ∼ ±0.8◦. However,
for the achievable precision in δ, the LAr detector at 2300 km and WC detector at 130 km
perform better than the LAr detector at 130 km, with a 3σ precision of ∼ ±45◦.
To conclude, the recent measurement of a large non-zero θ13 means that determining
whether there is CP violation in the leptonic sector, and whether the neutrino mass hierarchy
is normal or inverted, may be achievable in the relatively near future with a next-generation
superbeam experiment. The fact that θ13 is large means that the emphasis for future long-
baseline experiments is no longer on maximising statistics and minimising backgrounds, but
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shifts instead to minimising the systematic errors. The technology needed to produce a
superbeam experiment is expected to be at hand in the near future and thus we believe that
a CERN-based superbeam experiment, aimed to any of the LAGUNA sites, could provide
an excellent opportunity to address both of these questions and should be explored further.
NOTE ADDED
Even though the results presented here are embedded in the context of the LAGUNA
Design Study, the collaboration is not responsible for any of the results presented in this
work. It should also be noted that the conclusions extracted from this work may not be
applicable to the subsequent LAGUNA-LBNO Design Study. In particular, some technical
details have changed in LAGUNA-LBNO with respect to the ones used here, such as the
beam power for the high energy options and the fiducial mass for the Water Cˇerenkov
detector. Such changes could have relevant consequences and change the main conclusions
extracted from this work. Further changes are also expected if migration matrices are
included to simulate the detector responses, something which will be addressed in the context
of LAGUNA-LBNO. This should be taken into account when comparing the results presented
in this work to any future output from the LAGUNA-LBNO collaboration.
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Appendix A: Oscillation probabilities
The phenomenological discussions in this paper are based on the oscillation probabilities
for the νµ → νe and ν¯µ → ν¯e channels, including matter effects. For this reason, in this
appendix we present the corresponding oscillation probabilities in vacuum and in matter.
The number of oscillated νµ → νe events is given in App. B.
The oscillation probabilities for the νµ → νe and ν¯µ → ν¯e channels are identical to those
of their T-conjugate channels, the νe → νµ and ν¯e → ν¯µ channels (the so-called ‘golden
channels’ [83]), with the exchange δ → −δ. The exact forms can be derived analytically,
as in Ref. [84], but these are very complicated and the physics is not easily extracted from
them. Instead, a precise but far simpler approximation can be obtained by performing an
expansion in the parameters θ13, ∆12/∆23, ∆12/A and ∆12L where ∆ij = ∆m
2
ij/2E and A
is the matter parameter, A =
√
2GFne, where ne is the electron density. The result is Eq.
(16) of Ref. [83] (we have exchanged δ → −δ),
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where B∓ ≡ |A∓∆13| and the upper (lower) signs apply to neutrinos (anti-neutrinos). This
is to be compared with the probabilities in vacuum (A = 0), as given by Eq. (7) of Ref. [83],
P vacµe = sin
2 2θ13 sin
2 θ23 sin
2
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Three terms are involved in each expression: the first term, (A1a) and (A2a), is known as
the atmospheric term as it depends only on the atmospheric mixing parameters but not on
the solar ones. Similarly, the second term, (A1b) and (A2b), is know as the solar term. The
third term, (A1c) and (A2c), is an interference term between the previous two terms and is
called the CP term because of its dependence on the CP phase, δ. To a good approximation,
Eq. (A2) applies to the shortest baseline we consider, 130 km, whereas Eq. (A1) applies to
the remaining baselines.
Considering the oscillation parameters which we wish to measure, the atmospheric term is
sensitive to θ13 and θ23, the CP term is sensitive to θ13, δ, sign(∆m
2
31) (the mass hierarchy)
and θ23, and the solar term is sensitive only to θ23. Since the atmospheric term has a
quadratic dependence on θ13 whereas the CP term has a linear dependence, the atmospheric
term dominates in the scenario that θ13 is large (sin
2 2θ13 & 10−2). The CP term dominates
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for intermediate values of θ13 (if δ is not close to 0 or pi). Since the dependence on δ enters
via the oscillatory cosine term (which can take either a positive or negative sign, depending
on the value of its phase), there can be constructive or destructive interference between the
atmospheric and CP terms, which is why the sensitivities to θ13 and the mass hierarchy have
a strong dependence on the value of δ. Due to its inverse dependence on the energy, the CP
term becomes most visible at lower energies, for a fixed L; therefore it is important to use
a detector with a low energy threshold to establish if CP is violated. The solar term, which
acts as a ‘background’ to the other two terms when performing measurements of θ13, δ and
the mass hierarchy, is dominant when θ13 is very small. All these statements are true for
both the vacuum and matter cases.
Now we will briefly discuss the differences between the probabilities in vacuum and in
matter. To begin with, the atmospheric term is modified so that it now has a dependence on
sign(∆m231); therefore the sensitivity to the mass hierarchy is increased. For the ratio L/E
tuned to the first oscillation peak, this term is dominant in the probability, thus providing
good sensitivities to both θ13 and the mass hierarchy. On the other hand, the solar term now
has a dependence on
(
∆12
A
)2
which means that it is now quadratically suppressed with the
energy and/or the matter density. The CPV term is also suppressed according to the same
ratio,
(
∆12
A
)
, but the dependence in this case is linear instead of quadratic. Therefore the CP
and solar terms are dominant for low energies, whereas the atmospheric term is dominant
for high energies. This means that, for L/E tuned to the first oscillation peak, and in the
presence of strong matter effects, it should be possible to obtain excellent sensitivities to
θ13, the mass hierarchy, and θ23 since the background solar term is strongly suppressed.
The situation is different if we want to observe CPV though. In this case, lower energies
(shorter baselines) are preferable so that the CP term is larger. In addition, the precision
of the measurement is heavily affected by the presence of degeneracies; therefore it is also
necessary to measure the other parameters so as to lift them. Therefore, maximising the
sensitivity to CPV is a complicated combination of maximising the magnitude of the CP
term by using a fairly low energy without allowing the solar term to dominate, whilst at the
same time being able to determine the values of the other oscillation parameters.
Appendix B: Event rates
Number of νµ → νe events at different baselines
In Tab. III and Tab. IV we present the total number of νµ → νe events obtained at
the different baselines, for sin2 θ13 = 0.1 and different values of δ. The number of events
correspond to one year of exposure, assuming a 100 kton detector with perfect efficiency
and energy resolution. The input values for the solar and atmospheric parameters are those
quoted in Sec. II.
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2300 km 1570 km 1050 km 665 km 130 km
90◦ 961 1123 1386 1032 740
0◦ 1158 1427 1780 1366 984
−90◦ 1388 1659 1963 1540 1028
−180◦ 1190 1356 1550 1205 784
TABLE III: Number of νµ → νe events for the different baselines under consideration, assuming
sin2 2θ13 = 10
−1, and four different values of δ, as indicated in the table. Normal hierarchy has
also been assumed. The number of events correspond to a 100 kton detector of perfect efficiency
and energy resolution, after 1 year of exposure.
2300 km 1570 km 1050 km 665 km 130 km
90◦ 165 322 547 424 151
0◦ 141 280 512 382 142
−90◦ 83 185 367 274 106
−180◦ 106 226 402 316 115
TABLE IV: Number of ν¯µ → ν¯e events for the different baselines under consideration, assuming
sin2 2θ13 = 10
−1, and four different values of δ, as indicated in the table. Normal hierarchy has
also been assumed. The number of events correspond to a 100 kton detector of perfect efficiency
and energy resolution, after 1 year of exposure.
Number of νµ → ντ events at different baselines
In Tab. V, we present the total number of νµ → ντ events obtained at two of the baselines
under consideration, for sin2 θ13 = 0.1 and several values of δ, to illustrate the discussion in
Sec. III E. The number of events correspond to one year of exposure, assuming a 100 kton
detector with perfect efficiency and energy resolution. The input values for the solar and
atmospheric parameters are those quoted in Sec. II. We show the number of events for the
setup with the highest neutrino energy (L = 2300 km) as well as for the setup with the
largest statistics for the νe appearance channel (L = 1050 km, see Tab. III).
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